M USCLE mass and force generation decline with advancing age. The principal cause is believed to be loss of motor units, but other factors may contribute (1) . Microenvironmental failure or, more specifically, failure to produce supportive structures such as capillary vessels, may account for a limited capacity for maintenance and regeneration of skeletal muscle in elderly adults (2) (3) (4) . Evidence does exist in other pathophysiological conditions, such as experimentally induced solid epithelial tumors or skin wounds, for failure of a supportive microvasculature with increasing age (5) (6) (7) .
Various morphometric and stereological techniques are available for assessing capillarization (8) . Widely used and accepted methods include the capillary-to-muscle fiber ratio (CIF) , which is relatively independent of fiber size (9) , and capillary density (CD), or number of capillary vessels per unit area, but this technique is sensitive to variation in tissue preparation. Reports exist of alterations in capillarization in skeletal muscle during endurance training, electrical stimulation, and hormonal and drug manipulation (8) . In human biopsy studies, capillarization has been reported to be maintained (10) (11) (12) or reduced with increasing age (13, 14) . The differing conclusions ofthese reports may reflect methodological constraints of these studies (poor definition of subjects' health status, use of different muscle cited in each report, and the use of biopsy material without prior knowledge of the heterogeneity of capillarization of that particular muscle). The aim ofthis study was to examine capillarization of skeletal muscle in a long-established aging mouse colony (15) .
MErHODS
Animals.-Barrier-derived male C57BL/Icrfa t mice were kept under clean, conventional conditions in a colony of aging animals maintained by the Department of Geriatrie Medicine, University of Manchester, UK. Details of this animal colony are described elsewhere (15 Tissue preparation.-The animals were sacrificed by cervical dislocation immediately before the muscles were removed. Soleus and extensor digitorum longus (EDL) muscles were dissected from the right hind leg. One end of the muscle (distal end for soleus and proximal end for EDL) was attached by cyanoacrylate adhesive to a cork chuck; the tendon at the other end was supported via a 5/0 mersilk suture to hold the muscle, without stretching it, in an upright position. A thin coating of OCT embedding compound was applied to the muscle prior to plunging the muscle in Freon, cooled to just above freezing point (-135°C) in liquid nitrogen. Muscles were stored at -80°C prior to sectioning. Transverse frozen sections of 10 um thickness were cut every 500 um and air-dried for approximately 2 hours prior to actomyosin ATPase staining or dried ovemight prior to staining with capillary marker (GSL).
Actamyosin ATPase staining.-Fast and slow fibers were identified by staining for actomyosin ATPase activity according to Guth and Samaha (16, 17) . Slides were incubated at 37°C for 20 min in ATP solution (2.7 mM ATP, 50 mM KCI, 18 mM CaCl, in 100 mM 2-amino, 2-methyl, 1-propanol [AMP] buffer, pH 9.4), then washed in three 30 s changes of 1% (w/v) CaCl z . After draining, slides were incubated at room temperature for 3 min in 2% (w/v) cobalt chloride solution, then washed in four 30 s changes of 100 mM AMP buffer, pH 9.4. After draining, slides were incubated at RT for 3 min in 1% (viv) am-
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B449 monium sulphide solution and washed for 5 min in running tap water prior to dehydration and mounting.
Capillary marker staining.---Capillaries were localized using biotinylated GSL I lectin and an avidin:biotin complex, in a moditication of the method of Hansen-Smith and associates (18) . The GSL I lectin is superior to the alkaline phosphatase method, staining many more capillaries in double labeling studies in rat muscle (18) . Sections were preincubated in PBS at room temperature for 10 min, after which the PBS was carefully removed. Sections were exposed to biotinylated GSL I (10 J.Lg/ml buffer: 10 mM Hepes pH 7.5, 0.15 M NaCl, 0.1 mM CaCl z ) at room temperature for 30 min in a moist atmosphere. Sections were then stained according to Vectastain ABC-AP Kit protocol, using Vector Red as substrate and Levamisole to inhibit endogenous alkaline phosphatase, prior to dehydration and mounting.
Morphometric analyses.-Three sections from each animal, representing both ends and middle of muscle, were analyzed for fast/slow fibers (actomyosin ATPase staining). The number and area of fast (dark) and slow (light) tibers were measured over the entire section using a Cambridge Quantimet 520 image analysis system (Cambridge Instruments Ltd, UK). The ratio of fast:slow fibers was calculated for both number and area of fibers for all three sections. The fast.slow fiber ratio was not calculated in the EDL, as the percentage of slow fibers was less than 1%.
Capillaries and fibers were counted using transmitted light microscopy (tibers viewed under phase) and al mm graticule in sections cut at 500 um intervals throughout the whole length of the muscle. The number of sections generated ranged from 8 to 12. The total number of capillaries and fibers were counted for each section and summed to allow an average CIF ratio to be calculated over the total section area. Capillary density was determined over all sections similarly by dividing the total capillary count by total area. Total fiber counts were made in the section of greatest area (approximating to the midpoint of each muscle).
Statistical analyses.-Analyses were performed using Student's t tests and two-way analysis of variance (ANOVA) from the SPSS software package for Windows (SPSS version 7.5).
REsULTS
Actomyosin ATPase staining.-Preliminary experiments demonstrated that mouse type Ha and Ilb (fast) fibers had no differential resistance to alkali pH between 10.4 and 9.8, either with or without tixation in buffered formaldehyde. Consequently, we decided to measure the ratio of fast and slow tibers without attempting to subdivide the fast tibers.
Capillary marker staining.-In preliminary experiments, we compared the staining of capillaries with two biotinylated GSL I lectins: GSI-B 4 and GSL I. Both lectins gave specific staining, but GSI-B 4 staining tended to be fainter. Clearer staining was obtained using uncoated slides compared to coated slides (Polysine slides, BDH Ltd., UK), so uncoated slides and GSL I lectin were used for all subsequent staining. Characteristic staining of soleus and EDL in young and old mice is shown in Figure 1 .
Quantification 0/fiber type, CIF ratio and CD.-The results
of the proportion of fast to slow fibers are for soleus only (see Methods). No statistical difference was seen when fast to slow fiber proportions were compared by area (Table 1) . However, when fiber type proportion was compared by fiber count, a signiticant reduction in the proportion of fast to slow tibers was found when comparing 6-to 28-month-old mice (p < .012).
Differences in the CIF ratio by muscle and age are shown in Table 1 . At each age group, the CIF for soleus was signiticantly higher than that for EDL (6- This report, to our knowledge, is the first detailed systematic study of capillarization using a biotinylated lectin, GSL I, in animals from a well-established aging animal colony. GSL I has been found previously to detect more capillaries than standard alkaline phosphatase staining (18) , and the suitability of GSL I compared to GSI-B 4 for staining of capillaries in mouse muscle has also been reported (19) . We were surprised to find that CIF ratio and CD were significantly greater in the older animals in two limb muscle groups, soleus and EDL. However, as we have no measurement of the functional ability of these vessels in the murine model studied, whether there is increased perfusion through the greater number of capillaries in muscles in these aged mice is not known.
The animals, although bred from specific pathogen-free animals, showed age-related changes in fiber type proportions, unlike some species of specific pathogen free barrier-protected rats and mice where age effects are absent (20) . Apart from those strains that show resistance to age-related changes in muscle, rodent models are generally held to reflect similar age-related changes as humans and thus are a suitable model to study (21) .
Biopsy studies of human muscle capillarization have been reported previously. The results are conflicting: one group of publications (10-12) suggest a maintenance of CIF ratio, and another (13,14) a decline. These reports suffer from two problems: definition of the status of the aging subject and the possibility of regional capillary density heterogeneity, Variability in muscle capillarization up to 20% has been reported in muscle biopsy studies (22) . Our study addressed both of these problems, and we found that CIF ratio and CD are increased in the aged group. In animal studies results also conflict with unaltered (23, 24) or increased (25) capillarization with aging being reported. These studies are also limited because different methodological approaches were used to determine capillarization, and regional heterogeneity was not accounted for-both of which influence results (26) . In one study, details of the source of aging animals were not provided (24) .
Changes in muscle capillarization are of interest, as failure of the microcirculation may be implicated in age-related changes in muscle (2) (3) (4) . Angiogenesis, the production ofnew blood vessels from preexisting ones, is the process controlling the microcirculation (8) . Much is known about new vessel formation, but much less about the factors that regulate mature vessels. Capillarization has been used as a proxy of the angiogenic process and is believed to measure the balance of positive and negative angiogenic stimuli (23) . Alterations in capillarization are inducible at a molecular level by a variety of stimulators and inhibitors of angiogenesis as well as endothelial/pericyte and endothelial cell/matrix integrin interaction (23) . Physical stimuli also influence muscle capillarization; increases are induced by endurance training and electrical stimulation (8) .
The increase in capillarization that we observed may have several explanations. First, the process of angiogenesis may be exaggerated in the older mice. In an adult mammal, physiological angiogenesis is uncommon, apart from occurring in the uterus of females during the menstrual cycle. However, neovascularization does occur in pathological conditions, including wound healing, tumor growth, and ischemia (27) . We have previously demonstrated an increase in capillary density in experimental incisional wounds of old versus young mice from the same colony used in this study (28) . It is possible that the muscles of the aged mice in this study exhibit an exaggerated expression of angiogenic factors, possibly in response to ischemia. Potential stimuli are numerous and include basic fibroblast growth factor, vascular endothelial growth factor, Interleukins 1 and 8, and platelet-derived endothelial cell growth factor, which could be upregulated individually or as agroup. (Table 1) . CIF ratio and CD were increased throughout each muscle in the 28-month mice. To explore the potential effect of heterogeneity in CIF or CD throughout the muscle, we examined the contribution of section level through each muscle and age on CIF ratio and CD using a two-way ANOVA. The section level had no significant effect compared to that of age.
Second, there may be failure of inhibition of the angiogenic process. Both endogenous and exogenous inhibitors of angiogensis have stimulated interest in anti-cancer therapy research (29) . These include transforming growth factor ß,tumor necrosis factor a, interleukins 1,2, 10, and 12, tissue inhibitors of metalloproteinases (TIMP 1 and 2), interferon a, and thrornbospondin. In our study, it is possible that these negative stimuli are deficient or that the endothelium is less responsive. Endothelial cells of different age groups are known to produce different extracellular matrices, including a relative lack of thrombospondin in cells from older donors (30) . Transforming growth factor ß is markedly reduced in endothelial cells in vitro with advancing age (31) .
A further explanation for the observed increases in CIF ratio and CD is a reduction in fiber number in old muscle with relative preservation of capillarization. However, muscle capillarization is usually tightly coupled to fiber size (32, 33) , and loss of fibers would be expected to be accompanied by reduced capillarization. We did not observe a significant fall in total fiber numbers in soleus, but did so in EDL. This result must beinterpreted with caution, as fiber counts at the muscle midpoint may be inaccurate in pennated muscle (24) . Changes in fiber type proportion were seen in soleus, and relative loss of fast-twitch (type 2) fibers may explain our observations. In EDL, which consists of fast-twitch type 2 fibers, loss of type 2b and preservation of the more oxidative 2a fibers might explain the increased capillarization.
In conclusion, this report is the first detailed and systematic examination of the effect of age on capillarization in a murine model. The results show a significantly higher capillary-tomuscle fiber ratio and capillary density in the aged group. This result requires further study to determine the functional status of these vessels, the relationship between angiogenesis and fiber changes with age, and potential control mechanisms responsible for this observation.
